Summary statement: This article brings out a new insight into the novel mechanisms of monocyte differentiation solely driven by physical micro-environment and adhesion. The adhesion subsequently elicit differentiation, establishing that adhesion is both necessary and sufficient to induce differentiation in 2D/3D micro-environment. Our findings challenge the notion that adhesion is a result of monocyte differentiation. Rather it's the adhesion which triggers the differentiation of monocytes. MAPK, and NF-being key molecules of multiple signaling pathways, we hypothesize that biochemically inert 3D gel-like microenvironment would also influence other cellular functions.
and RT-PCR analysis of THP-1 cells for monocyte (CD35) 16 17 18 and macrophage (CD68) markers 16 18 . Non-adherent THP-1 cells (NADH-THP-1) when cultured in an adhesion compliant Petri dish for 5 days; a small fraction of them spontaneously adhere to generate a subpopulation of adhered cells (ADH-THP-1) (Fig. 1B) .While the NADH-THP-1 continues to be CD35 positive, the ADH-THP-1 stops expressing CD35 and become CD68 positive ( and Fig. S1A ). We also observe that a significant fraction of chemically stimulated THP-1 cells fail to adhere irrespective of dose and duration of the inducer treatment ( Fig. 1C and Fig. S1A ). This confirms that irrespective of inducer treatment the ADH-THP-1 cells differentiate to macrophages whereas the NADH-THP-1 cells continue to be monocytes.
Since PBMC is already induced by cytokines/interleukins in the blood 19 20 21 , therefore, we get low levels of CD68 on day 1and observe a significant increase of CD68 on day 5 ( Fig.   1D ) post isolation. Immunostaining reveals two sub-populations of PBMC, 'adherent' (CD68; Fig. 1E ) and 'non-adherent' (CD35; Fig. 1F ). This establishes that PBMC and THP-1 exhibit identical behaviour with regard to their relation between adhesion and differentiation.
Spontaneously adhered monocytes phenotypically resemble macrophages obtained by chemical induction Fig. 2A revalidates the arrest of cell cycle at a G0/G1 stage in LPS/PMA treated THP-1 cells 22 . Next, we investigated if both the sub-populations of inducer treated NADH-THP-1 and ADH-THP-1 cells undergo cell-cycle arrest. For this, we used single-cell proliferation assay (SCPA). well-plate on day-0 and day-5. While some of the stimulated single THP-1 cells get G0/G1
arrested and remain single cell (Fig. 2Bii) , the other single cells continue to proliferate and
give rise to a colony of cells by day 5 (Fig. 2Biii) . Incidentally, all the non-proliferating cells in different wells on day 5 are adherent (ADH-THP-1) whereas all the proliferating cells in different wells are non-adherent (NADH-THP-1). We reconfirmed the differentiation of ADH-THP-1 in SCPA by immunostaining (Fig. 2C) . The NADH-THP-1 cells in SCPA after 15 days of proliferation are observed to be monocytes (CD35 positive, Fig. 2D ). Thus the chemically induced NADH-THP-1 cells do not undergo cell cycle arrest. We observed ( Adhesion is necessary for the survival of many adherent cells types 24 25 26 . However, whether adhesion is essential for viability of ADH-THP-1 is not known. We stimulate the THP-1 cells in conditions which are incompatible for cellular adhesion ( 
Adhesion is sufficient for the differentiation of THP-1 cells in 2D culture
Next, we investigated the sufficiency of adhesion in setting off the process of differentiation.
We observe that THP-1 cells in adhesion promoting conditions (collagen coating; 0-1 mg/ml) in the absence of any chemical inducer give rise to a significantly higher fraction of ADH-THP-1 (Fig. 3I) . In reflection interference microscopy (RIM), the regions of the plasma membrane which are closer to the glass appear dark because of destructive interference 28 29 .
Using this we find comparable adhesions between inducer free and inducer activated ADH-THP-1 (Fig. 3J ). The RIM patches appear to be equally dark under all the conditions, suggesting no significant difference in the glass and plasma membrane proximity between inducer free ( Independent literature survey suggests NF- activation is associated with both cellular adhesion 30 31 and monocyte differentiation 32 33 . Therefore, we hypothesize that adhesion mediated activation of NF- is necessary for differentiation of monocytes as depicted in involving MAPK activation operate simultaneously to achieve differentiation, as indicated in Fig. 6D and Fig. 5A . Having explored the link between adhesion and differentiation, next we investigated the effect of 3D gel like micro-environment on monocytes.
3D gel-like micro-environment of THP-1 cells induces spontaneous differentiation
The THP-1 cells cultured on glass bottom Petri dish were provided 3D gel/liquid like microenvironment by covering it with 0.1% agarose either in liquid or gel state (Fig. 7A,B) .
Identical chemical but distinct physical micro-environment, elicit different responses in monocytes. While in 3D liquid like micro-environment, the THP-1 cells do not differentiate spontaneously in 5 days (Fig. 7A,C) , in a 3D gel-like micro-environment the THP-1 cells differentiates to macrophages (Fig. 7B,C) . We also verified that the phagocytotic ability ( Fig.   S7A ) of these macrophages is comparable to that of ADH-THP-1 cells in 2D.
In the above experiments, the basal surface of the THP-1 cells is in contact with the glass.
Next, we dissected the role of glass during differentiation of THP-1 cells covered with agarose gel. For this, the THP-1 cells were covered with agarose gel/liquid on substrate precoated with agarose gel (Fig. S7B) . Interestingly, even in absence of adhesion compatible glass, the THP-1 cells undergo differentiation in a 3D gel-like micro-environment of agarose, (Fig. S7F) . While the culture of THP-1 cells on collagen-coated surface leads to a basal level of differentiation (Fig. 3I) , embedding it into a 3D collagen matrix leads to a much higher level of differentiation (Fig. 7E) . HL-60 cell line also exhibits similar behavior (Fig. S7J ). (Fig. 7F) . Therefore, we hypothesize that the spontaneous differentiation of THP-1 cells in a 3D gel-like micro-environment is mediated via the same pathways as shown in Fig. 5A and Fig. 6D . As a result, inhibition of either MAPK or NF- prevents its differentiation (Fig. 7G) . As expected, inhibition of either of the P38 MAPK or P42/44 MAPK prevents the activation of NF- in a 3D gel-like micro-environment of agarose (Fig. 7H) ,alginate (Fig. S7K) , and collagen (Fig. S7L) . (Fig. 6D) . Above hypothesis is validated by denial of adhesion to THP-1 cells in a 3D gel-like micro-environment using trypsin. This not only abrogates the differentiation (Fig. 7J and Fig. S7M ), it also prevents the transcriptional up-regulation of adhesion-related genes (Fig. 7K) . Further, inhibition of either of MAPK or NF- in each gelling media prevents the transcriptional up-regulation of adhesion-associated genes (Fig. 7L) . These results suggest that the positive feedback loop of adhesion in Fig. 6d is activated by 3D gel-like micro-environment.
3D gel-like micro-environment induces adhesion mediated activation of NF-

3D gel-like micro-environment elicit adhesion mediated activation of NF- in PBMC
and ADH-THP-1 cells PBMC undergoes spontaneous differentiation in vitro in liquid culture 34 , as confirmed by Fig. 1 D,E . Thus, the spontaneous differentiation makes it difficult to explore the effect of 3D (Fig. 8B) . We also observe that providing a 3D gel cover to PBMC up-regulates the adhesion genes ( 3D gel-like micro-environment elicit similar phenotypic response in PBMC and ADH-
THP-1 cells
We also compared the phenotypic response of ADH-THP-1 and PBMC brought out by 3D gel cover. Our (Fig. 7I, Fig. 8C -E) and others study suggests an increase in NO and ROS production in monocytes (primary response) and differentiated macrophage (Fig. 8D secondary response) in response to LPS and PMA 35 36 , . Interestingly, NADH-THP-1, ADH-THP-1, and adhered PBMC all of them show enhanced production of NO and ROS, in response to covering with agarose gel. The secondary response of PBMC is identical to that of ADH-THP-1 in 3D gel-like micro-environment (Fig. 8E) . This suggests the significant influence of physical makeup of the micro-environment on PBMC, THP-1and HL60 cells.
Discussion
Various studies have explored the signaling associated with monocyte differentiation in response to chemical inducers in 2D cell culture system. However, these studies do not mimic the appropriate physicochemical micro-environment of the monocyte. Hence, fail to capture the effect of 3D gel-like micro-environments on differentiation. First, we establish that adhesion of monocytes is linked with its differentiation. Each monocyte has a small probability of undergoing spontaneous adhesion (K sp ) as depicted in Fig. 8F (Fig. 1B,E) . The adhesion initiates a positive feedback loop ( Fig. 6D and Fig. 8G ) to activate NF- that triggers the differentiation. Treatment of chemical inducers in 2D fluid-like microenvironment activates a negative feedback loop on MAPK (Fig. 5A and Fig. 8G ) to generate a short pulse of p-MAPK. Though. such a short pulse of p-MAPK is incapable of producing significant levels of p-NF-, it is sufficient to induce adhesion by 1) transcriptional up-regulation of adhesion genes (Fig. 6A) and 2) by reducing the membrane fluctuation to facilitate adhesion in THP-1 and RAW cells (Fig. 4) .As a result the probability of monocyte adhesion (K in /K 3D )increases, which then activates the same positive feedback loop ( Fig. 6D and Fig. 8G) 4 . NF-involved in transcriptional upregulation of adhesion protein 39 40 5. NF-involved in transcriptional upregulation of differentiationrelated genes 41 33 42 6. MAPK gets activated in monocyte in response to differentiationinducing stimulus 43 44 45 7.
NF-gets activated in monocyte in response to differentiationinducing stimulus 41 32 Petri dish that was incubated overnight. Next day, the suspended neutrophils and lymphocytes were washed with supplementation of fresh medium to the adhered PBMC.
Three distinct methodologies were employed to deny cellular adhesion to chemically stimulated THP-1 cells i) every 30 minutes after chemical stimulation the cells were mechanically dislodged from the plate (Fig. 3a) , ii) stimulation on an adhesion incompatible substrate such as agar bed (Fig. 3b) Genomic DNA isolation: Cells were lysed in lysis buffer (20 mM EDTA, 10 mM Tris pH 8.0, 200 mM NaCl, 0.2% Triton X-100, 100 mg/ml Pronase) by 1.5 hrs incubation at 37 • C.
The lysate was centrifuged at 14,000 rpm at room temperature (RT) for 5 minutes. The supernatant was mixed with equal volume of isopropanol and NaCl (such that its final concentration is 100 mM) for precipitation of DNA. The mixture was incubated overnight at - FACS: Cells were fixed and permeabilized with 70% ethanol and cellular DNA was stained with propidium iodide (Sigma) and DNA amount was quantified in FACS.
NO measurement: Griess reagent was incubated with spent medium and absorbance was measured at 540 nm.
ROS measurement: 25 µM DCFDA (Sigma) was incubated with spent medium for 30 minutes and the fluorescence was measured at Ex485 nm/Em535 nm.
RT-PCR:
RNA isolation was done using Trizol (Life-technologies). Then it was converted to cDNA. Subsequently desired gene was PCR amplified.
Transfection of RAW cells: Cells were transfected using Fugene HD reagent (Promega)
following manufactures protocol with Paxillin-GFP plasmid.
Nucleus isolation: Equal number of cells from all conditions were lysed with ice-cold lysis buffer followed by centrifugation at 8000g for 15 minutes at 4ºC to pellet down nuclei. Pellet was incubated with nuclear extraction buffer [20mM Tris-HCl (pH=7.9), 0.42M KCl, 0.2mM EDTA, 10% glycerol, 2mM DTT, 0.1mM PMSF and protease inhibitor cocktail] for 20 minutes at 4°C followed by centrifugation at 21,000 g for 15 minutes to precipitate nuclear debris. The lysates were processed further for analysis. Histone H3 was used as nuclear control protein.
